Transcription factors belonging to the basic helix ± loop ± helix (bHLH) family are critical regulators of cellular proliferation and dierentiation. The functional activity of these proteins can be regulated by heterodimerization through the HLH domain, as a result of formation of functional or non-functional heterodimers. The presence of a leucine zipper in bHLH-leucine zipper (bHLHZip) proteins, however, prevents such heterodimeric interactions via the HLH domain between bHLH and bHLHZip proteins. To identify cellular proteins that directly interact with and modulate transcriptional repression mediated by the bHLH protein Stra13, we carried out a yeast two hybrid screen. The bHLHZip protein USF (Upstream Stimulatory factor) was identi®ed as a Stra13 interacting protein. We demonstrate a direct interaction between Stra13 and USF that is dependent upon the C-terminal repression domain of Stra13 and the DNA-binding domain of USF. Stra13 and USF also colocalize and functionally interact in mammalian cells. Co-expression of USF abrogates Stra13-mediated repression of target genes and conversely, Stra13 inhibits DNA-binding and USF-mediated transactivation. Taken together, our data demonstrate that Stra13 and USF interact physically and functionally, and identify a novel mode of cross regulatory interaction between members of the bHLH and bHLHZip families that abrogates their functional activity. Oncogene (2001) 20, 4750 ± 4756.
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Keywords: yeast two hybrid; basic helix ± loop ± helix factors; interaction; transcriptional activity; DNAbinding Members of the basic helix ± loop ± helix (bHLH) family of transcription factors are key regulators of cell fate decisions (Massari and Murre, 2000; Fisher and Caudy, 1998) and also critically regulate cellular growth, dierentiation and apoptosis (Dang, 1999) . Biochemical evidence has indicated that most members belonging to this family exert their eects by binding DNA response elements as either heterodimers or as homodimers. Based on the cognate DNA-binding sites as well as transcriptional properties, the bHLH family has been divided into three subclasses A, B and C (Fisher and Caudy, 1998) . Members of the class A subfamily such as MyoD and Mash1 are transcriptional activators and bind the E-box element (CANNTG) as heterodimers with E12/E47. In contrast, members of class C subfamily, which include the Drosophila Hairy, Deadpan and Enhancer of Split as well as the mouse Hes1 proteins are transcriptional repressors and bind DNA as homodimers to related but distinct sites CACGCG/CACGAG, termed the Nbox. Class B proteins which include Myc, USF, Max and Mad bind Myc-box sites (CACGTG/CATGTG) and are characterized by a leucine zipper in addition to the HLH domain (bHLHZip). Class B proteins can bind DNA as homodimers or heterodimers that either activate or repress transcription. Dimerization between bHLH family members is dependent on the HLH domain, and provides a mechanism for regulation of transcription factor activity, via formation of active or inactive heterodimers. For instance, heterodimerization of E-box bHLH proteins with Id which lacks a basic region, results in the formation of non-functional heterodimers that are incapable of binding DNA (Massari and Murre, 2000) . Moreover, Hes proteins that exert their repressive eects by binding N-box elements as homodimers, also regulate E-box activity by forming non-functional heterodimers with E-box binding proteins (Sasai et al., 1992) . Similarly, the activity of bHLHZip proteins is also regulated by dimerization. However, in contrast to the heterodimeric interactions within and between members of class A and C bHLH proteins, the presence of the leucine zipper precludes dimerization via the HLH domain between bHLH and bHLHZip proteins (Sun et al., 1991) .
USF1 and USF2 are expressed ubiquitously and exist in cells as both homodimers and heterodimers. While heterodimers of USF1 and USF2 are thought to be the predominant species, both homodimers and heterodimers can bind DNA (Sirito et al., 1992; Viollet et al., 1996) . In the absence of either protein, homodimers are able to bind DNA as demonstrated in the USF1-or USF2-de®cient mice (Sirito et al., 1998; Vallet et al., 1998) . Surprisingly, despite its ubiquitous expression, many targets of USF are expressed in a tissue speci®c manner. These include glucose responsive genes Spot14 and L-type pyruvate kinase (Vallet et al., 1998) , Immunoglobulin J chain (Wallin et al., 1999) , Immunoglobulin m heavy chain (Rao et al., 1997) , a A-crystallin (Cvekl et al., 1994) , Myosin Light Chain-2 (Navankasattusas et al., 1994) and C/EBP alpha (Timchenko et al., 1995) . The mechanism by which USF1/USF2 regulate tissue speci®c gene expression is not well known. Several mechanisms have been evoked including interaction with cell-type speci®c factors or alteration in functional activity by altered DNA-binding activity. Overexpression studies in HeLa cells have indicated that USF can function as a growth suppressor at least in part due to its ability to bind to the same site as c-Myc. However, a deletion mutant of USF lacking only the transactivation domain does not suppress growth as eciently as full-length USF indicating that competition with c-Myc for DNA-binding sites is unlikely to be the only mechanism of growth inhibition (Luo and Sawadogo, 1996a) .
We have previously shown that Stra13, a retinoic acid inducible bHLH protein is distantly related to the class C bHLH family proteins and also functions as a transcriptional repressor (Boudjelal et al., 1997; Sun and Taneja, 2000) . However, while Stra13 can eciently homodimerize, it does not exhibit any demonstrable binding to the N-box, in contrast to other members of this subfamily. Moreover, unlike class C proteins that exert their repressive eects by recruitment of the co-repressor Groucho, Stra13-mediated repression occurs through two a-helices that are present in its C-terminus and involves interaction with the basal transcription machinery, as well as with the histone deacetylase co-repressor complex (Boudjelal et al., 1997; Sun and Taneja, 2000) . Stra13 plays a role in regulation of cellular proliferation and its overexpression in ®broblast cells results in growth suppression (Sun and Taneja, 2000) . The anti-proliferative eect of Stra13 occurs at least in part, by repression of c-Myc expression that is likely mediated by a direct interaction between Stra13 and TFIIB (Sun and Taneja, 2000; Boudjelal et al., 1997) . Thus Stra13 appears to de®ne a novel subfamily related to class C proteins with distinct biological properties and novel transcriptional repression mechanisms.
To further de®ne the mechanism of transcriptional repression mediated by Stra13, we carried out a yeast two-hybrid screen in order to identify proteins that interact with, and therefore modulate its repressive function. The repression domain of Stra13 encompassing three C-terminal a-helices fused with the GAL4 DNA-binding domain (pAS2/Stra13(135 ± 343) was used as bait to screen a mouse E11 cDNA library fused to the activation domain of GAL4 ( Figure 1a) . We used the yeast strain PJ69-4A as a host due to its greater sensitivity since it contains three dierent reporters each driven by a dierent promoter (James et al., 1996) and therefore allows for extremely low background. The bait plasmid was transformed into PJ69-4A, selected for tryptophan (Trp) prototrophy, and used for library transformation. Approximately 2610 6 transformants were screened, of which 45 scored positive for all three selection markers (Ade, Leu, Trp). Sequence analysis of these cDNAs by BLAST indicated that three clones represented USF2, a bHLHZip transcription factor of the c-Myc family. The partial USF2 cDNA encompassed the C-terminus of USF2 (Figure 2a ) that contains an activation domain, the bHLH domain and zipper region (Luo and Sawadogo, 1996b) . To test the speci®city of Stra13/USF2 interaction, we re-transformed two of the three partial USF2 cDNA clones (clones #9 and 52, Figure 2a ) with three bait plasmids that contain or lack the repression domain of Stra13. Yeast cells transformed with USF2 and the repression domain bait (pAS2/Stra13(135 ± 343)), or USF2 and full-length Stra13 (pAS2/Stra13(1 ± 411)) grew on selection medium and turned blue in the b-gal ®lter assay ( Figure  1b ). In contrast, cells co-transformed with USF2 and a Stra13 bHLH domain bait (pAS2/Stra13(1 ± 135)), or with USF2 and vector alone (pAS2) did not grow on selection medium indicating that Stra13 and USF do not interact through their HLH domains, but exclusively through the repression domain of Stra13.
To determine whether Stra13 directly interacts with USF2, and to map the interaction domain(s) in USF2, we performed glutathione S-transferase (GST) pulldown assays. Full-length USF2 and several deletion mutants (Figure 2a ) either lacking the N-terminal transactivation domain U2D(1 ± 199); U2DN lacking the entire transactivation domain; and U2DB, lacking only the basic domain (Luo and Sawadogo, 1996b) were translated in vitro and tested for interaction with GST-Stra13(1 ± 411). Stra13 interacted with full-length USF2 (Figure 2b ), as well as with the deletion mutants U2D(1 ± 199) and U2DN. In contrast, U2DB which lacks only the basic region that is required for DNAbinding, failed to interact with Stra13. GST protein alone, which was used as a control, did not interact with any of the USF2 deletion mutants.
Based on the observation that Stra13 interacts with the basic region of USF2, we hypothesized that Stra13 should aect the ability of USF2 to bind DNA. To test this hypothesis, we did gel-mobility shift assays and assayed the ability of Stra13 to alter binding of USF2 and USF1 homodimers and heterodimers on their cognate target site. To ensure that the eect of Stra13 on USF1/USF2 binding was direct, we used wheat germ lysates that are devoid of any mammalian transcription factors to in vitro translate USF1, USF2 and Stra13. The eciency of translation was monitored by Western blot analysis of each protein (data not shown). Equivalent amounts of each protein were used for binding either alone, or in equimolar amounts to an end labeled oligonucleotide containing the USF binding site. USF1 and USF2 homodimers, as well as USF1/USF2 heterodimer bound eciently to the USF target site (Figure 2c ). Addition of a two-or fourfold excess of Stra13 reduced DNA-binding by both USF homodimers as well as with USF1/USF2 heterodimers. The competition was strongest with USF2 homo-dimers, followed by USF1/2 heterodimer and the least with USF1 homodimers. Thus Stra13 interacts with the basic domain of USF and abrogates its DNA-binding properties.
We further investigated the interaction between USF and Stra13 in mammalian cells by co-immunoprecipitation assays, GST pull-down assays and co-localization studies. 293-T cells were transfected with GAL-Stra13 and USF2, or GAL-Stra13 alone. Whole cell lysates from transfected cells were incubated with anti-GAL antibody and the immune complexes were precipitated using protein A/G-Sepharose beads followed by Western blot analysis with anti-USF2 antibodies. Stra13 and USF2 complexes were detected in lysates from cells transfected with both expression vectors compared to untransfected cells (Figure 3a) . A weaker interaction was also seen in lysates where only Stra13 was transfected, demonstrating its interaction with endogenous USF2. To de®ne the domains in Stra13 that are required for these interactions, we performed GST pull-down assays. Equivalent amounts of GST fusion proteins containing various domains of Stra13 were used for interaction with in vitro translated USF2. Both GST-Stra13(1 ± 411) containing the full protein, and GST-Stra13(111 ± 411) containing only the repression domain interacted with USF2 (Figure 3b ). In contrast, GST-Stra13(1 ± 127) which contains only the bHLH domain, and GST alone, exhibited little or no interaction. These results are consistent with the yeast two-hybrid analysis (Figure 1b) and demonstrate that the association of Stra13 with USF2 occurs primarily through its repression domain. To further con®rm the interaction between Stra13 and USF2, we examined the sub-cellular localization of Stra13 and USF2 ( Figure  3c ). COS-7 cells were transfected with GAL-Stra13 and USF2 and processed for immuno¯uorescence using FITC-tagged antibody to detect Stra13 expression (in green) and Texas-red labeled antibody to detect USF2 ± 135) , or the C-terminal domain containing three a-helices (135 ± 343) were fused in frame with the GAL4-DNA binding domain in the vector pAS2-1. Full-length Stra13(1 ± 411) was cloned in two steps. A BamHI ± SmaI fragment from GST-Stra13(1 ± 411) (Boudjelal et al., 1997) was subcloned into BamHI ± EcoRV in pBluescript to generate plasmid RT373. The Stra13 cDNA was removed as a BamHI ± SalI fragment from plasmid RT373 and placed in the cognate site in pAS2-1 vector. The resultant vector RT374 was digested with BamHI and KpnI and ligated to a BamHI ± KpnI fragment from pBSK Stra13 to generate plasmid pAS2/Stra13(1 ± 411). pAS2/Stra13(1 ± 135) containing the bHLH domain of Stra13 was constructed by cloning the BamHI ± XhoI fragment from pSG5/Stra13 and into the BamHI and SalI sites in pAS2-1. pAS2/Stra13(135 ± 343) containing the C-terminal`repression domain' of Stra13 was constructed by subcloning a XhoI ± KpnI fragment from pSG5/Stra13 into the cognate sites in pTL1 to generate pMD11. This fragment was released with EcoRI and SalI and cloned into pAS2-1 (Clontech). (b) Yeast strain PJ69-4A was co-transformed with pAS2/Stra13(135 ± 345) bait plasmid and an E11 mouse embryonic cDNA library in GAD10 (Clontech, gift from D Sassoon) and plated on triple selection (Ade 
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7 plates. Double positives were screened for b-galactosidase expression by ®lter assays. The plasmids that tested positive were reintroduced into PJ69-4A to test their interaction with full length Stra13 [pAS2/Stra(1 ± 411)], the bHLH domain of Stra13 [pAS2/Stra13(1 ± 135)] and the repression domain [pAS2/Stra13(135 ± 343)]. The identity of the positively interacting clones was determined by automated DNA sequencing. Lack of colonies indicates no growth and therefore no interaction. b-galactosidase activity was detected on colonies patched in duplicate using the ®lter assay (in red). While Stra13 was strongly and uniformly expressed in the nucleus, USF2 expression was more restricted. An overlay of these images indicated a partial overlap in the subnuclear expression of Stra13 and USF2. Taken together our biochemical and cellular analysis indicate that a subset of USF and Stra13 proteins directly interact in intact cells.
To determine the functional relevance of Stra13/USF interaction in mammalian cells, we analysed their individual functions as a transcriptional repressor and an activator respectively. Previous studies have characterized the adenovirus major late promoter (AdMLP) whose activating element contains an E-box core as a target of USF2-mediated activation (Sawadogo and Roeder, 1985; Carthew et al., 1985; Miyamoto et al., 1985) . Since Stra13 diminishes DNA binding by USF, we then studied whether transcriptional activation of AdMLP promoter by USF2 that requires DNAbinding is attenuated in presence of Stra13. HeLa cells were cotransfected with the AdMLP reporter in the absence or presence of expression vectors for USF and Stra13 (Figure 4a ). Consistent with previous reports, USF2 activated the AdMLP reporter whereas Stra13 alone had no eect on its basal activity. However upon co-transfection of both expression vectors, Stra13 reduced USF mediated activation of AdMLP reporter by 60% that correlates with its eect on USF2 DNAbinding (Figure 2c ). To con®rm that the eect of Stra13 on USF2-mediated activation was not restricted to the AdMLP promoter, we tested a synthetic reporter construct containing four E-boxes sites upstream of the thymidine kinase minimal promoter (M4-Luc) driving a luciferase reporter gene (Figure 4b ). HeLa cells were transiently transfected with M4-Luc in the absence or presence of USF2 and Stra13. USF2 activated the reporter but co-transfection of Stra13 reduced USF- S-methionine-labeled in vitro translated USF2 and its deletion variants were used for in vitro binding with puri®ed GST-Stra13 or GST protein. Bound proteins were pulled down using glutathione sepharose beads as previously described (Sun and Taneja, 2000) and analysed on a 12% SDS ± PAGE gel. 10% of input was loaded as a control. (c) Stra13 blocks the binding of USF1 and USF2 homodimers and heterodimers to their target site. Gelmobility shift assays were performed with USF1, USF2 and Stra13 produced in vitro using wheat germ lysate (Promega). The following pair of oligonucleotides was used as the USF binding site: 5'-GATCCTTATAGGTTAGGCCACGTGACCA-3' and 5'-TGGTCACGTGCCTACACCTATAAGGATC-3'. Reactions were done at 48C for 1 h in binding buer (20 mM HEPES, 50 mM KCl, 0.4 mM EDTA, 1.5 mM MgCl 2 , 4 mM DTT and 5% glycerol) in the presence of 2 mg poly dI-dC and 6 ml lysate and separated on a 7% polyacrylamide gel. For competition experiments, the two proteins were incubated together for 10 min before the addition of end-labeled probe mediated activation by 60%. Thus Stra13 can eectively repress USF-mediated activation on both natural and synthetic reporters that harbor its binding site. To determine whether the eect of Stra13 on USF-2 mediated activation was cell-type speci®c, we analysed the ability of Stra13 to alter USF2 mediated activation in 293-T cells (Figure 4c ). As seen in HeLa cells, USF2-mediated activation of the M4-Luc reporter was abrogated by co-transfection of Stra13. Moreover, a Stra13 deletion mutant containing only the repression domain (Stra13(111 ± 411)) repressed USF2-mediated activation to the same extent as full-length Stra13. Taken together with the yeast two-hybrid experiments and GST-pull-down assays, these results con®rmed that the repression domain in Stra13 is required and sucient for abrogation of USF2 activity.
We next tested whether the interaction between Stra13 and USF alters Stra13 function by aecting repression of Stra13 target genes. We have recently demonstrated that the expression of c-Myc is strongly suppressed by Stra13 (Sun and Taneja, 2000) whereas USF has been reported to activate the c-Myc promoter (Lee and Zi, 1999) . To test whether Stra13-mediated repression of c-Myc expression is altered in the presence of USF, we transfected cells with a c-Myc reporter (P2(-70)Luc) in the presence of Stra13 and USF2 either individually or together (Figure 4d ). Consistent with previous reports, Stra13 repressed c-Myc whereas USF alone activated the promoter. Co-transfection of USF2 along with Stra13 however, clearly alleviated Stra13-mediated repression, in addition to aecting USF-mediated activation of the c-Myc promoter. 2610 6 ) cells plated in 100 mm plates were cotransfected with 5 mg each of Gal-Stra13 and USF2, or 5 mg GAL-Stra13 alone. Cells were harvested after 48 h and pellets were lysed in RIPA buer with protease inhibitors. Extracts were centrifuged at 15 000 g for 20 min at 48C. Four hundred mg of total cellular lysate was immunoprecipitated with anti-GAL4 antibody (Clontech) for 2 h before addition of 20 ml protein A/G beads slurry, and allowed to bind for another 10 h at 48C. Beads were collected by a brief centrifugation, washed three times with RIPA buer and once with PBS, boiled in SDS gel loading buer and fractionated on a 12% SDS gel and detected with anti-USF2 antibody (SantaCruz). (b) GST-Stra13 constructs containing only the bHLH domain (1 ± 127), the repression domain alone (111 ± 411), or full-length Stra13(1 ± 411) were puri®ed and tested for interaction with 35 S-labeled in vitro translated USF2 as indicated. GST alone was used as a control. 10% of input was run on the gels as controls. (c) COS-7 cells plated on glass chamber slides were transfected with expression vectors GAL-Stra13 and USF2. Forty-eight hours after transfection cells were washed twice with PBSA (16PBS+3%BSA) and ®xed with methanol for 10 min. Cells were then washed with PBSA, followed by blocking for 30 min in PBSA containing 10% goat serum and 0.1% Tween-20. After washing with PBSA, cells were incubated with a monoclonal anti GAL4-antibody and a polyclonal antibody against USF2 in blocking solution for 16 h at 48C. After three washes of 15 min each in PBSA, cells were incubated with Texas red-conjugated goat anti-rabbit, and FITC-conjugated goat anti-mouse antibodies (1 : 50 dilution; Jackson Immunoresearch Laboratories) for 1 h. Cells were washed with PBSA/0.1% Tween-20 twice for 5 min followed by PBSA three times and visualized using¯uorescence microscopy. The images were overlayed in Photoshop Another target of Stra13-mediated repression is its own promoter (Sun and Taneja, 2000) . To test if Stra13-mediated repression of its promoter is also altered in presence of USF2, a Stra13 promoter reporter pGL3KN harboring sequences between 73.5 kb to +101 (Sun and Taneja, 2000) was cotransfected along with Stra13, USF2 or equimolar amounts of USF2 and Stra13 (Figure 4e ). Similar to the c-Myc promoter, USF2 activated the Stra13 promoter construct 6 ± 8-fold whereas consistent with our previous studies, Stra13 strongly repressed it (Sun and Taneja, 2000) . However, co-transfection of Stra13 and USF2 alleviated Stra13-mediated repression, and abrogated USF-mediated activation indicating that the function of both proteins is aected by this interaction.
In this report we have identi®ed USF2 as a Stra13 interacting protein based on yeast two-hybrid analysis as well as co-immunoprecipitation and co-localization studies in mammalian cells. Interestingly, unlike members of the bHLH family that form heterodimers through the HLH domain, we show by GST-pull-down assays as well as by gel-mobility shift assays that Stra13 and USF interaction is exclusively dependent on the basic domain of USF and the repression domain of Stra13. USF1 has previously been reported to interact with Ets1 and the interaction of both proteins is mediated through their basic domains leading to their co-operative binding on the distal enhancer of the HIV-1 LTR (Sieweke et al., 1998) . In addition, USF also interacts with the bZip protein Fra1, resulting in a down regulation of AP1 activity (Pognonec et al., 1997) . In contrast however, the mode of interaction between Stra13 and USF is highly unique, and consistent with the view that presence of the leucine zipper in USF prevents its heterodimerization through the HLH domain with bHLH factors (Sun et al., 1991) . The interaction between Stra13 and USF results in functional antagonism of both proteins. We show that Stra13-USF interaction abrogates USF DNA-binding and transactivation of target genes. Conversely, coexpression of USF obstructs Stra13-mediated repression of its target genes. Since in cell culture systems both Stra13 and USF are growth suppressors (Luo and Sawadogo, 1996a; Sun and Taneja, 2000) , it is likely that this functionally antagonistic interaction may modulate their biological properties and determine the net transcriptional status of target genes in cellular proliferation. Taken together, our studies not only demonstrate a direct physical and functional interaction between Stra13 and USF2, but also identify a novel mechanism of regulation that results in functional inactivation of both proteins. Such crossregulatory interactions between distinct classes of bHLH proteins may serve to regulate their activity and contribute to their tissue-speci®c and cell-type speci®c target gene expression.
